Abstract -With the successful completion of its refurbishment the Z machine at Sandia is now routinely operating with currents over 26 MA into various loads. Now that the machine is operating we can measure current and voltage at various locations throughout the machine and compare with circuit code predictions. These measurements have led to improvements in the model that provide a more accurate predictive capability. In this paper we describe the full-machine circuit model of Z, and indicate how machine parameters are derived. Many were determined with commercially-available field calculation software, but parameters for switches and other non-linear elements were determined empirically. We show comparisons of circuit code predictions with machine performance. Finally, we show where improvements to the model can yet be made.
I. INTRODUCTION
The original circuit design of the Z refurbishment (ZR) project at Sandia was completed with the 1D, lumped-element SCREAMER circuit code [1] , and later augmented with the transmission-line code BERTHA [2] . Both codes have many Sandia-developed switch and loss models that are not available in the commercial code packages, and also have very short run times. However, the BERTHA code does allow for much more complex circuits than can be done with SCREAMER. It provides capability for multiple branching and reconnecting circuits to properly simulate the interconnections of the multiple lines of Z.
Several modeling efforts are underway. These include a full thirty-six line model with BERTHA for both long and short pulse operation, equivalent circuit models based on the full-circuit model, measurements in the pulse power modules, vacuum-insulator measurements, and voltage measurements near the load, a full-circuit model being done with MICROCAP [3] , and an independent full-circuit model being done by Corcorcan. [4] In this paper we report only on the full-circuit BERTHA model.
II. CIRCUIT DESIGN
The upgraded Z accelerator [5] , which is twice the energy of Z [6] , consists of thirty-six identical pulse forming lines, configured in sets of two, driving a four-level vacuum transmission line, as shown in Fig. 1 . The pulse forming-lines consist of a 6-MV Marx bank (not shown), a water capacitor (called the intermediate store), a laser-triggered rim-fire switch, a coaxial pulse-forming line (PFL), parallel water switches, a tri-plate output transmission line (OTL1), prepulse suppression water switches, and a second tri-plate output transmission line (OTL2) that combines the upper and lower modules. Eighteen of these combined modules are arranged azimuthally around a 3.4-m diameter, four-level vacuum insulator, and connected to the four conical-disk, magnetically-insulated transmission lines (MITLs). The four MITLs are connected in parallel near the load (5.26 cm from machine center) with a post-hole convolute (PHC) and yield (to date) peak currents of up to 26 MA in about 100 ns.
A block diagram of the ZR circuit model is shown in Fig.  2 . Each block, which represents each of the individual components, is modeled as multiple transmission lines with impedances and propagation times consistent with mechanical dimensions. Water resistance, which is measured with each machine shot, is modeled as parallel resistors to ground at the beginning of each lossless transmission line element. The value of each resistor is R = ρ k ε o Z / Δt, where Z and Δt are the impedance and length of the transmission line, and ρ the water resistivity. In practical units, R (Ω) = 7100 ρ (ΜΩ-cm) Z (Ω) / Δt (ns). Note also that all thirty-six lines are connected at one point in the model, and thus cannot simulate azimuthal currents that occur when lines are triggered asynchronously.
Impedance values are determined with the 2D ELECTRO [7] and the 3D COULOMB [8] codes. For the middle of the coaxial and tri-plate lines 2D cross-sections perpendicular to the direction of propagation were used to determine the line impedances.
To determine the effects of the varying impedances at ends of each coaxial section 2D cross-sections were taken in the r-z plane. The code is used to calculate the electric field on the surface of the center conductor as a function of distance. The electric field E s on the surface at axial position z i is related to the capacitance per length along the surface, ∆C i /∆s i , .
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A similar analysis is used for the tri-plate sections, but the 3D code is used and the electric field is integrated perpendicular to the propagation direction at each z i . Alternatively, since the electric field only peaks at the input and output ends of the line, one can approximate the impedance profile by adding capacitance to the ends. That is, we use the impedance of the center of the line, which is about the impedance of an infinitely long line, and add capacitance to the ends so that the sum of the capacitance of the transmission-line element and the extra capacitance equals the capacitance calculated by the 2D code.
The impedance of the water convolute section is derived from 3D electromagnetic simulations using the EMPHASIS code. [9] For the stack and MITLs vacuum impedances were calculated from the mechanical dimensions. In addition, a zflow loss element [10] was inserted at the PHC to empirically account for losses in that region. For z-pinch implosions a thin-shell implosion model is used. [11] III. COMPARISON WITH DATA Although a number of shots have been taken on the machine, we only show a comparison of simulations with a high current short-circuit load experiment (shot 1780), and a long pulse, tailored-current shot (shot 1807.) The measurements with which we compare are the Marx bank [12] , the PFL, OTL1, and OTL2 Vdots, the vacuum stack Vdots and magnetic loop current monitors (Bdots) [13] , and the MITL and load current monitors. In the pulsed-power sections the measurements represent averages of the base-line corrected, integrated signals from all the lines. Since upper and lower lines are triggered at different times because of the unequal OTL2 line lengths, these averages were done for the upper and lower lines separately. The stack voltage and current signals are also averages but are from monitors at different azimuthal locations. The MITL current is measured in each line near the PHC, and the result summed. The load bdot measurement comes from a shielded bdot between the PHC and load. For both the long and short pulse modes the agreement is good, but not exact. For shot 1780, which is an 82 kV Marx bank charge voltage with a 3.4 nH short-circuit load, peak current was over 26 MA. (Note that the Marx capacitors were tested up to 110 kV and can be routinely operated up to 95 kV. So this shot had 25 % less energy than can be expected with a full-energy machine shot.) A comparison of the IS vdot measurement with simulation is seen in fig. 3 . In these and all later plots, the measured signals are blue, and the simulation red. The traces agree well up to the time that the lasertriggered switch is fired. The fall of the signal also is a strong indication of the inductance and resistance of the switch, from which we can empirically determine switch parameters. We believe that the late time discrepancy between the IS vdot signal and the simulation is caused by finite water resistance, for which the probe signal has not yet been corrected.
A comparison of the simulation with the PFL and OTL1 vdot measurements is seen in figs. 4 and 5. Both timing and amplitude are close, indicating that the length lengths in the code are correct, and that the empirically-chosen laser switch and water switch parameters are not unreasonable. The simulation pre-pulse also overlays the leading edge of the OTL1 signal. The biggest discrepancy between the measured signals and the simulation occurs with the voltages measured at the insulator stack, as seen in fig. 6 for one level of the stack (C). But the simulation under-predicts the current, as seen in fig. 7 . In spite of the discrepancies at the stack, the measured and simulated MITL and load currents, as seen in fig. 8 , are close. The long tail of the measured load current may be a result of the PHC shorting at peak current, which is not modeled.
For the long pulse mode the simulation is also fairly close, as seen in fig. 9 . This pulse shape was achieved by shorting water switches and staggering the timing of the lasertriggered switches. For this simulation the load conductor motion was not modeled. 
IV. DISCUSSION
We are investigating potential causes for discrepancies between measurements and the circuit-code simulations. We have verified transmission line impedances, lengths, and diagnostic locations in the model. We have also verified that BERTHA is consistent with other circuit codes. But there still may be measurement errors, and switch model parameters might need adjusting. A potential major source of error could be 2D effects in the OTL2 and mixer section. We are now developing a 2D model of this section. We will also develop a multi-level 2D circuit for connection of the pulse-forming lines to the stack for pulse-tailored, long-pulse mode shots. Also we have not yet fully investigated plasma flow effects in the MITLs, although these models are available in BERTHA. Finally, resistive wall effects in the high-current-density regions near the load are yet to be modeled but can be significant at current densities over 1 MA/cm. [15] V. CONCLUSIONS A full-circuit, thirty-six line model of the refurbished Z has been developed as is now being used to successfully model machine parameters and provide predictive capability. For the most part, the circuit code model agrees well with measurements. Discrepancies are being addressed, and likely relate to 2D effects not yet modeled, but being developed. Other load region effects are yet to be included.
